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We demonstrate the operation of a two-bit "controlled-NOT" quantum logic gate, which, in
conjunction with simple single-bdperations, forms aniversal quantum logigate for quantum
computation. The two quantum bits are stored in the internal and external degrees of freedom of a
singletrapped atomwhich is firstlaser-cooled to the zero-point energy. Decohereffeets are
identified for the operation, and thgossibility of extendinghe system to more qubits appears

promising.
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We report thdirst demonstration of a fundamental quantum lggitewhich operates on
prepared quantum states. Following the scheme proposed by Cirac and Zoller [1], we demonstrate
a controlled-NOT gate onair of quantum bits (qubits). Theo qubits compriséwo internal
(hyperfine) states and two external (quantized motional harmonic oscillator) states of a single trapped
atom. Although thisninimal system consists aily two qubits, it illustrates thbasicoperations
necessary for, and the problems associated with, constructing a large scale quantum computer.

The distinctive feature of a quantum computer is its ability to stadeprocess superpositions
of numbers [2]. This potential for parallel computing has led to the discovery that certain problems
are moreefficiently solved on a quantum computer than ocdlassicalcomputer [3]. The most
dramatic example is an algorithm presented by Shor [4] showing that a quantum computer should be
able tofactor largenumbers very efficiently. Thigppears to be of considerable interest, since the
security of many data encryption schemes [5] relies on the inability of classical computers to factor
large numbers.

A quantum computer hosts a register of qubits, each of which behave as quantum mechanical
two-level systems and can store arbitrary superposition states of 0 and 1. It has been shown that any
computation on a register of qubits can be broken up into a setws-bit operations [6], for
example a series dfvo-bit "controlled-NOT" (CN) quanturtogic gates,accompanied bgimple
rotations on single qubi{g,8]. The CN gatéransforms thestate of twoqubitse, ande, from
le)| €, to |€,)|€,@€,), where thes operation is addition modulo ZReminiscent othe classical
exclusive-OR (XOR) gate, the CN gate represents a computation at the most fundamental level: the
"target" qubit|e,) is flipped depending on the state of the "control" q{jt

Experimental realization of a quantum computer requires isolated quantum systems which act
as the qubits, and the presence of contraligthry interactions betweehe qubitswhich allow
construction of the CN gate. As pointedt by many authors [6,9,10], if thejubits are not
sufficiently isolated from outsidenfluences,decoherences can destroy the quantuerferences
which form the computation. Several proposed experimental schemes for quantum computers and
CN gatesnvolving a dipole-dipolenteraction between quantum dots or atomic nuclei [6,7,11,12]
may suffer from decoherence effects. The light shifts on atoms located inside electromagnetic cavities

have been shown to be large enough [13,14] that one could construct a quantum gate where a single



photon prepared in theavity acts as the control quli7,15] for theatomic state. However,
extensions to large quantuegisteranay be difficult. Cirac and Zollef1] have proposed a very
attractive quantum computer architecture based on laser-cooled trapped ions in which the qubits are
associated with internatates of the ions, andformation is transferred between qubits through a
shared motional degree of freedom. The highlights of their proposal are that (i) decoherence can be
small, (i) extension to large registers is relatively straightforward, and (iii) the qubit readout can have
nearly unit efficiency.

In our implementation of a quantum CN logic gate, the target [ spanned by twb ,$
hyperfine ground states of a sindle *Be ion (ffe2,m: =2 and|F=1,m: =2 states, abbreviated by
the equivalent spin-%2 statele and| 1)) separated in frequency hyy/2t ~ 1.250 GHz. The control
qubit |n) is spanned by the first two quantized harmonic oscillator states of the trapp&@} iamd(
|1)), separated ifrequency bythe vibrational frequencyw,/2n ~ 11 MHz of theharmonically
trapped ion. Figure 1 displays the relevant” Be energy levels. Manipulation between the four basis
eigenstates spannitige two-qubit register|(|S) = [0)| 1), |0)| 1), |D| 1), || 1)) is achieved by
applying a pair of off-resonant laser beamgheion which drive stimulated-Raman transitions
between basis states. When the difference frequientyhe beams is set near w, (the carrier),
transitions are coherently driven between internal st&eshile preservingn). Likewise, ford ~
w, - w, (the red sideband), transitions are coherently driven betjtegn and|0)| 1), and ford =
w, *+ w, (the blue sideband), transitions are coherently driven betj@egn and|1)|1). Note that
whend is tuned to either sideband, the stimulated-Raman transitions ent@ngligh |n), a crucial
part of the trapped-ion quantum CN gate.

We realize the controlled-NOT gate by sequentially applying three pulses of the Raman beams

to the ion according to the following format:

(a) An/2 pulse is applied on the carrier transition. The effect is described by
the operator V2 %£/2) in the notation of Ref. 1.
(b) A 2= pulse is applied on the blue sideband transition betpeesmnd an
auxiliary atomic levelaux (see Fig. 1). (1)

(c) A =/2 pulse is applied on the carrier transition, with ghase shift



relative to (a), leading to the operatof?V=/R) of Ref. 1.

The/2 pulses in steps (a) and (c) cause the|$pito undergo +% and -% of a complete Rabi cycle
respectively, while leavingn) unchanged. The auxiliary tramsit in step (b) simply reverses the sign
of any component of the register in tHe| 1) state by inducing a complete Rabi cycle frign 1)

- |0)]aux - -|1)| 1). The auxiliary leve|aux is the? S, |F=2,m: =0 ground state, split from the

| 1) state by virtue of a Zeeman shift-02.5 MHz resulting from a 0.18 mT applied magnetic field
(see Fig. 1). Any component of the quantum register ifrthe |0) state is unaffected by the blue
sideband transition of step (b) and #ffects ofthetwo Ramseyn/2 pulses cancel. Cthe other
hand, any component of the quantum register in1hlg ) state acquires a sign change in step (b),
and thetwo Ramsey pulseadd constructivelyeffectively "flipping"” the targequbit by radians.

The truth table of the CN operation is as follows:

INPUT STATE- OUTPUT STATE
O 1) = |O)] 1)

O 1) = |O)| 1)
(2)
DI~ DD

(DI~ DL

The experimental apparatus is described elsewhere [16,17]. A%ingle Be ion is stored in a
coaxial-resonatonf-ion trap [17] which provides pseudopotential oscillation frequencies of
(0,w,,w,)/21 = (11.2, 18.2, 29.8) MHz along the principal axes of the trap. We cool the ion so that
the =0 vibrationaground state is occupiedb5% of thetime by employing resolved-sideband
stimulated-Raman cooling in tixedimension, exactly as in Ref6. Thetwo Raman beams each
contain=1 mW of power at313 nm and are detune®0 GHz red of thé |} excited state. The
Raman beamareapplied totheion in directions such that their wavevedadtifferencedk points
nearly along the x-axis of the trap; thus the Raman transitions are highly insensitive to motion in the

other two dimensions. The Lamb-Dicke parametgy isok-x, ~ 0.2, where x~ 7 nm is the spread
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of the n =0 wavefunction. The carrién| ) - |m)| 1)) Rabi frequency i&,/21 ~ 140 kHz, the red
(JD]1) - 0| 1)) and blue [(0}| 1) - |1)| 1)) sideband Rabi frequencies ay€ /2w ~ 30 kHz, and
the auxiliarytransition (1)|1) - |0)|!)) Rabi frequency i$),Q,,/2t ~ 12 kHz. Thedifference
frequency of thdRaman beams is tunable frai200 to 1300 MHz with the use of a double pass
acoustooptic modulator (AOM), and tiaman pulsalurations are controlled witadditional
switching AOMs. Since the Raman beams are generated from a single laser and an AOM, broadening
of the Raman transitions due to a finite laser linewidth is negligible [18].
Following Raman cooling to th@)| | ) state, but before application of the CN operation, we
apply appropriately tuned an@imed Raman pulses the ion,which can prepare an arbitrary state
of the two-qubit register. For instance, to prepdrBld) eigenstate, we applymapulse on the blue
sideband followed by a-pulse on the carrier|@|!) - |D|1) - |D]!)). We perform two
measurements to detect the population of the register after an arbitrary sequence of operations. First,
we measure the probability P{8}kthat the target qubitS) is in the| |) state by collecting the ion
fluorescence whewo*-polarized laser radiation is appliedsonant with theycling | 1) - 2P,
|F=3,m =3 transition (radiative linewidtly/2n ~ 19.4 MHz atA ~ 313 nm; see Fig. 1). Since this
radiation does not appreciably couple to fthestate (relative excitation probability5x10°), the
fluorescence reading isqportional to P{S=+}. For S =1, we collect on averagel photon per
measurement cycle [16]. Once S is measured, we perform a second independent measurement which
provides the probability P{n=1} that the control hib is in the|1) state: After the same operation
sequence is repeated, an approprigéean pulse isdded just prior to detection of S. This
"detection preparation" pulse majgs onto |S). Forinstance, if we first measure S to hewe
repeat the experiment with the addition ofagulse” on the red sideband. Subsequent detection of
S resulting irthe presence (absence) of fluorescandeates that n = 0 (1). Likewise, if we first
measure S to b we repeat the experiment with the addition of-gllse” on thdélue sideband.
Subsequent detection of S resulting in the presence (absence) of fluorescence indicates that n = 1 (0).
In the above measuremesaheme, we do not obtain phase information about the quantum
state of the register and therefore do not measure the complete transformation matrix associated with
the CN operation. The phase information could be obtained by performing additional operations

(similar tothosedescribed above) prior to the measurement of S. Here, we demonstrate the key



features of the CN gate by (i) verifying that the populations of the register follow the truth table given
in (2), and (if) demonstrating the conditional quantum dynamics associated with the CN operation.

To verify the CN truth table, we separately prepare each of the four eigenstates spanning the
register (M|S) = [0)| 1), |O)[ 1), [D|1), |1|1)), thenapplythe CN operatiomgiven in (1). We
measure the resulting register population as described above after operation of the CN gate, as shown
in Fig. 2. When the control qubit is prepared in [thle= |0) state, the measurements show that the
gatepreserves S with high probability, whereas when the initial control qubit is prepared i the
= |1) state, the CN gate flips the value of S with high probability. In contrast, the gate preserves the
population n of the control qubjity with high probability verifying thatthe register populations
follow the CN truth table expressed in (2). The fact that the measured probabilities are not exactly
zero or one iprimarily due toimperfect laser cooling, imperfestate preparatioand detection
preparation, and decoherence effects.

To illustrate the conditional dynamics of a quantagid gate, we desire to perform a unitary
transformation on onphysical systenconditioned upon the quantustate of anothesubsystem
[19]. To see this in the present experiment, it is useful to view parts (a) and (c) of the CN operations
given in (1) aRRamsey radiation puls¢20], which drivethe |n)|1) - |n)| 1) transition - with the
addition of the perturbation (b) inserted between the pulses. If werargwhe frequency of the
Ramsey pulses, we obtain the typical sinusoidal Ramsey interference pattern indicative of the coherent
evolution between statéS) = | 1) and|1). However, the final population S depends on the status
of the control qubitn). This is illustrated in Fig. 3 where we plot the measured probability IB{S=
as a function of detuning of the Ramsey pulses. For initial ate), we obtain the normal Ramsey
spectrum since step (b) is inactive. For initial state! ), the Ramsey spectrum is inverted indicating
the conditional controfby quantum bitn)) of thedynamics ofthe Ramsey pulsesAppropriate
Ramsey curves are also obtained for initial stEdgs ) and|1)|1).

The switching speed of the CN gate is approximately 20 kHz, limited mainly by the auxiliary
2n-pulse in step (b) given in (1). This rate could be increased with more Raman beam laser power,
although a fundamental limit in switching speed app¢o be the frequency separation of the control
qubit vibrational energy levels, which can be as high as 50 MHz in our experiment [17].

We measure a decoherence rate of a few kHz in the experiment, adequate for a single CN gate



operating at a speed ©20 kHz, but certainly not acceptable for a more extended computation. We
identify several sources responsible for decoherence, including instabilities in the laser beam power
and therelative position otheion with respect to th&eams, fluctuating external magndietds

(which can modulate the qubit phases), and instabilities in the rf-ion trap drive frequency and voltage
amplitude. Substantial reduction of these sources of decoherence can be expected. Other sources
of decoherence/hich maybecome important in the future include external heating and dissipation

of the ion motion [16,21], and spontaneous emission caused by off-resonant transitions. We note that
decoherence rates of under 0.001 Hz have been achieved for internal-state ion qubits [22].

The single ion quantum register in the experiment comprises only two qubits and is therefore
not useful for computation. However, if the techniques described here are applied to a collection of
many ions cooled tdhe n=0state ofcollective motion, it should be possible oplement
computations on larger quantum registers. For example, the CN gate between two ions (m and n)
might be realized by mapping the internal state of the mth ion onto the collective vibrational state of
allions, applying the single-ion CN operation demonstrated in this work to the nth ion, then returning
the vibrational state back to the internal state of mth ion. (This mapping may be achieved by simply
driving am-pulse on the red dislue sideband ahe mth ion.) Thisapproach igquivalent to the
schemeproposed by Cirac and Zoller [1,23]. An arbitrary computation may then be broken into a
number of such operations on different pairs of ions, accompanied by single qubit rotations on each
ion (carrier transitions) [6-8].

We are currently devoting effort into the multiplexing of the register to many ions. Several
technical issues remain to be explored in this scaling, including laser-cooling efficiency, the coupling
of internal vibrational modes due to trap imperfections, and the unique addressing of each ion with
laser beams. Although we caapand cool gew ions in the current apparatus, other geometries
such aghe linear rf-iontrap [24] or ararray of ion traps each confining a single ion [25] might be
considered.
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Office. We acknowledge useful contributions from J.C. BergquistlahBollinger. We thank
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FIGURE CAPTIONS

Fig. 1: °B€ energy levelsThe levels indicated wittthick lines form the basis ofthe quantum
register: internal levelsare |S) = [1) and |1) (®S,,|F=2,m:=2 and 2S,|F=1,m-=2 levels
respectively, separated &y2n ~ 1.250 GHz), andaux =2S ,|F=2,m-=0 (separated from!) by
~2.5 MHz); external vibrationdevelsare |n) = |0) and |1) (separated bw,/2t ~ 11.2 MHz).
Stimulated-Raman transitions betwéer, S hyperfine states are driven through thé vjjtaaél P
(A ~ 50 GHz) with a pair 0£313 nm laser beams. Measuent of S is accomplished by driving the
cycling | 1) - 2P,,|F=3,m:=3 transition withc*-polarized light andletecting theresulting ion

fluorescence.

Fig. 2: Controlled-NOT (CNjruth table measurements for eigenstates. tWeehorizontal rows

give measured final values of n and S with and without operation of the CN gate, expressed in terms
of the probabilitie?{n=1} and P{S=}. The measurementse grouped according to thetial

prepared eigenstate of the quantum regis@f ¢, |0)| 1), |1)| 1), or|1)|1)). Even without the CN
operations, the probabilities are not exactly O or 1 due to imperfect laser-cooling, state preparation
and detection preparation, and decoherence effects. Howeverhiglhthprobability,the CN
operation preserves the value of the control qubit n, and flips the value of the target qubit S only if

n=1.

Fig. 3: Ramsey spectra of the controlled-NOT (CN) gate. The detuning of the Rafgeyses

of the CN gate (steps (a) and (c)) is swept, and S is measured, expressed in terms of the probability
P{S=!}. The solid pointscorrespond tanitial preparation in thén)|S) = |0)|!) state,and the

hollow points correspond to preparation in thglS) = |1)|!) state. Theesultingpatterns are

shifted in phase by radians. Thidlipping of |S) depending orthe state of the contra@ubit

indicates the conditional dynamics of the gate. Similar curves are obtained when$he |0)| 1)

and|1)|1) states are prepared. The lines are fits to a sinusoid, and the width of the Ramsey fringes

is consistent with the 50 psec duration of the CN operation.



=

»

® N o o

10.
11.
12.
13.

14.
15.
16.

17.
18.

19.
20.
21.
22.

23.

24.

25.

REFERENCES

J.I. Cirac and P. Zoller, Phys. Rev. L&#, 4091 (1995).

R.P. Feynman, Int. J. Theor. Ph%, 467 (1982); R.P. Feynman, Opt. Nelids(Feb.), 11
(1985).

D. Deutsch, Proc. R. Soc. Londod25 73 (1989); DDeutsch and R. Jozsa, Proc. R. Soc.
London A439, 554 (1992).

P. Shor, irProc. of the 35th Annual Symp. on the Found. of Comp. Science, Los Alamitos,
CA (IEEE Computer Society Press, New York, 1994), p. 124.

R.L. Rivest, A. Shamir, and L. Adelman, Comm. AC28, 120 (1978).

D.P. DiVincenzo, Phys. Rev. A], 1015 (1995).

A. Barenco, D. Deutsch, A. Ekert, and R. Jozsa, Phys. Rev74e#083 (1995).

A. Barenco, C.H. Bennett, R. Cleve, D.P. DiVincenzo, N. Margolus, P. Shor, T. Sleator, J.
Smolin, and H. Weinfurter, (to appear in Phys. Rev. A).

R. Landauer, to appear Rroc. of the Drexel-4 Symp. on Quantum Nonintegrability -
Quantum Classical CorrespondenéeH. Feng and B-L. Hu, eds. (International Press).
W.G. Unruh, Phys. Rev. A1, 992 (1995).

K. Obermeyer, W.G. Teich, and G. Mahler, Phys. R&37,88111 (1988).

S. Lloyd, Scienc26l, 1569 (1993).

M. Brune, P. Nussenzveig, F. Schmidt-Kaler, F. Bernardot, A. Maali, J.M. Raimond, and S.
Haroche, Phys. Rev. Left2, 3339 (1994); M. Brune, Rchmidt-Kaler, J. Dreyer, A. Maali,

and J.M. Raimond, to appeailiaser Spectroscopy XIM. Inguscio, ed. (World Scientific).

H.J. Kimble, to appear lraser Spectroscopy XIM. Inguscio, ed. (World Scientific).

T. Sleator and H. Weinfurter, Phys. Rev. L&#,,4087 (1995).

C. Monroe, D.M. MeekhoB.E. King, S.R. Jefferts, W.M.ltano, D.J.Wineland, and P.
Gould (to appear in Phys. Rev. Lett.).

S.R. Jefferts, C. Monroe, E.W. Bell, and D.J. Wineland, Phys. R&{;. 3112 (1995).

J.E. Thomas, P.R. Hemmer, S. Ezekiel, C.C. Leiby, R.H. Picard, and C.R. Willis, Phys. Rev.
Lett. 48, 867 (1982).

A. Ekert and R. Jozsa (to appear in Rev. Mod. Phys.)

N.F. Ramsey, Molecular Bearf@xford Univ. Press, London, 1956).

F. Diedrich, J.C. Bergquist, W.M. Itano, and D.J.&Mind, Phys. Rev. Le2, 403 (1989).

J.J. Bollinger, D.J. Heinzew.M. Itano, S.L. Gilbert, and D.J. Wineland, IEEE Trans. Inst.
and Meas40, 126 (1991).

The controlled-NOToperator proposed iRef. 1 is V& @/2)U*° U2tUOV *(-5/2),
adopting their notationThis is equivalent tohe controlled-NOToperator proposed here
between ions m and n€, A/m2)U?LV *(-n/2)U *° since V and |) commute.

M.G. Raizen, J.M. Giligan, J.C. Bguist, W.M. Itano, an®.J. Wineland, Phys. Rev. 45,

6493 (1992).

F. Major, J. de Phykett. 38, L221 (1977); R. Brewer, R.G. DeVoe, andiallenbach,

Phys. Rev. M6, R6781 (1992).




112

H2

Pir

al

Ran"_me;n

fran_slth:rn Detection
(o™)
B |13 ] T et
'\ILI
|03 [ aux)

Figure 1



Probability

Quantum Controlled-Not
B = Prob.(|n=1>) || =Prob(p=1>)

F

— |

L-----

e

o O

i

[O> |1 > |[1> |1 > 1> |1 >
Initial State

"NoCN
After CN



P{S=1}

e [ Dinitial state
o [ Dinitial state

1.0

0.0 \ \ \ ] \

Ramsey detuning (kHz)

Figure 3




